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Abstract 
The transfer of chemical vapor deposited graphene is a crucial process which can affect the quality of the transferred 
films and compromise their application in devices. Finding a robust and intrinsically clean material capable of easing 
the transfer of graphene without interfering with its properties remains a challenge. We here propose the use of an 
organic compound, cyclododecane, as a transfer material. This material can be easily spin coated on graphene and assist 
the transfer, leaving no residues and requiring no further removal processes. The effectiveness of this transfer method 
for few-layer graphene on a large area was evaluated and confirmed by microscopy, Raman spectroscopy, x-ray 
photoemission spectroscopy, and four-point probe measurements. Schottky-barrier solar cells with few-layer graphene 
were easily fabricated on silicon wafers by using the cyclododecane transfer method and outperformed reference cells 
made by standard methods. 
 
Text 
In the manufacturing of graphene produced by chemical vapor deposition (CVD), it is of paramount 
importance how the film is removed and transferred from the growth substrate to be collected and applied in technology 
1
. The atomic-thick and highly hydrophobic layers of graphene can be easily fractured or folded, making the post-
growth processing a delicate task, especially for device fabrication. A protective layer of a suitable material can be cast 
on graphene during this phase to assist the removal from the growth substrate: Poly(methyl methacrylate) (PMMA), a 
typical photoresist in the silicon industry, was first chosen and has since become the standard to transfer CVD graphene 
2
. The established PMMA-transfer procedure for CVD graphene grown on copper consist of five steps: i) spin-coating 
of a thin layer of PMMA on the graphene/copper substrate; ii) chemical etching of the copper substrate; iii) transfer of 
the graphene film to a clean bath of deionized water for rinsing; iv) transfer of the graphene film to the substrate of 
interest (e.g., a SiO2/Si wafer); v) wash-off in acetone and thermal treatment to remove PMMA residues and 
contaminants. Researchers have refined each of those steps in recent years, with the aim of retaining at most the 
electronic properties of graphene; however, the general outcome of such transfer process is still far from ideal. Although 
PMMA is highly effective in providing mechanical strength to the film and keeping it intact, its residues are known to 
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induce defects on graphene and/or affect its electronic mobility 
3
. A thin layer (~1-2 nm) of PMMA was observed to 
remain adsorbed on graphene even after wash-off in acetone, giving the film a mild p-type doping 
4
. A thermal 
annealing is generally required to ultimately get rid of any PMMA trace, but this further step can itself damage the film: 





, or even make the residues more resilient, so hindering removal 
5
. Other thin polymeric layers have also been tested 
to assist the transfer of graphene, but they all require the use of a solvent for the final removal of the polymer 
6,7
. Any 
additional chemical treatment can introduce defects or modify the graphene film and thus, ideally, should be avoided. 
Moreover, using a solvent-free transfer process makes it possible to apply graphene onto a wide range of polymeric 
substrates also. 
In this scenario, an evident requirement is a transfer method that is at the same time simple, effective, and 
capable of maintaining intact the intrinsic features of graphene films. Cyclododecane (C12H24) is a cyclic hydrocarbon, 
appearing as a white waxy solid made of large translucent crystals. It is readily soluble in non-polar and aromatic 
solvents, while it is insoluble in polar solvents such as water, being highly hydrophobic. This non-toxic and eco-friendly 
organic compound is solid at room temperature, has a low density (0.82 g/cm
3
 at 80°C) and a high vapor pressure (1.33 
kPa at 100°C). Its fusion temperature is 60.7°C, while the boiling point is 247°C. Thanks to these characteristics, 
cyclododecane completely sublimates upon air exposure and is therefore often used by art restorers as a temporary, 
clean support material for transferring frescoes or other fragile art pieces. We here propose the use of cyclododecane as 
supporting material for the transfer and handling of few-layer films. We investigated and characterized the graphene 
films transferred with cyclododecane, comparing them to standard films transferred by free-floating method. Our results 
were also compared to those reported in literature about PMMA-assisted graphene transfer. Schottky-barrier solar cells 
with few-layer graphene on silicon were fabricated and tested to benchmark the aptitude of this transfer method in an 
actual device. We chose to use few-layer graphene films in the experiments since they can easily withstand the free-
floating transfer method used as reference; moreover, such films have a good sheet resistance and can be thus applied in 
test solar cells. The aim of this work was to assess whether cyclododecane could provide a valid or even a better 
alternative to the presently established transfer materials.  
Few-layer graphene (FLG) films were grown on copper foils (25 μm thick) in a quartz-tube furnace by CVD of 
ethanol (C2H5OH) at low-pressure (4 mbar). The samples were first annealed at 1070°C in Ar/H2 (20/20 sccm) for 20 
min. A flow of C2H5OH diluted in Ar (0.1% in 20 sccm of Ar) was allowed in the tube with 10 sccm of H2 for 20 min 
8
. 
After the growth, the samples were rapidly cooled to room temperature. To compare the transfer methods, the graphene 
transfer process was performed in two ways: by free-floating method 
8





. The samples were treated in an etching solution of nitric acid (70%) and deionized water (1:3) to remove the 
copper foil, and then rinsed in deionized water to eliminate any Cu and acid residues. The floating film was then 
scooped using a hydrophilic substrate and transferred into distilled water for rinsing. The film was finally scooped from 
the rinsing bath using the desired substrate for the successive characterizations. 
The electronic and structural properties of the FLG films and the possible presence of contamination due to the 
transfer processes were probed by x-ray photoemission spectroscopy (XPS) with Mg KII x-ray radiation at 1253.6 eV 
(VG Escalab MkII Spectrometer). Doping level, degree of sp
2
 crystallinity and mechanical strain were investigated 
using Raman spectroscopy. The laser beam (Ar
+, 514.5 nm) was focused to a diameter of approximately 1 μm, taking 
care of minimizing surface heating (power below 1 mW). The sheet electrical resistance of the films transferred to 
Si/SiO2 was measured by four-point probe method in a controlled environment at a constant temperature (23 ± 0.5 °C) 
and humidity (35 ± 5 %). The test system consisted of a probe with four collinear equally-spaced WC tips, fixed on a 
stand (Signatone S301) and connected to a current source and a low-voltage meter. 
   
FIG. 1. Microscopic images of FLG films transferred by (a) free-floating and (b) spin-coated cyclododecane. 
 
In Figure 1, microscopic images of the same FLG film transferred with the two methods are shown. The film 
in Figure 1a shows some mechanical damages, while the film in Figure 1b is continuous and has no tears or cracks. The 
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rectilinear marks of the Cu lamination process appear in both films, regardless of the transfer process. However, when 
the film is transferred with cyclododecane, it holds more closely the native features induced by the Cu-substrate during 
graphene growth, as evidenced by the shape of the Cu grains appearing as a texture in Figure 1b. Overall, spin-coated 
cyclododecane seems to provide a valid mechanical support to graphene during the transfer process, maintaining the 
atomically-thin film intact, even in its subtle features. This analysis was carried out all over the sample surface in the 
two cases with analogous results.    
 
FIG. 2. Raman spectra of FLG transferred on SiO2. (a) Comparison between free-floating and cyclododecane transfer. The spectra of 
graphene transferred by the two different methods are almost identical. After a mild annealing in air at 150°C, the spectrum of 
cyclododecane- transferred (“Cyc”) films maintain the original features,except for a slight increase in the G-band peak due to a mild 
graphitization. (b) Effect of annealing in high vacuum (HV) on cyclododecane-transferred films. After annealing the films up to 
600°C no new features appear in the spectra, demonstrating the non-invasive nature of cyclododecane as transfer material. The 
variation in the spectra are thus only due to temperature-related effects, such as lattice recrystallization and doping.  
 
Figure 2 shows the Raman spectra of FLG films transferred by free-floating and by using cyclododecane. The 
distinctive features of a graphene film appear in the Raman spectra, with narrow and intense G and G’ peaks 10,11. The 
results of the Raman spectral fittings are reported in the Supplementary Material 
9
. The G peak is centered at ~ 1579 
cm
–1, the G’ peak at ~ 2696 cm–1, while a feeble D peak is visible around 1350 cm-1. The G to G’ intensity ratio (IG/IG’) 
5 
 
can be used to estimate the number of graphene layers: in our case, values between 1 and 1.4 confirm that the graphene 
film is composed of 2 to 4 layers 
12-15
. The G peak of the films transferred with cyclododecane are not shifted in respect 
to the free-floating film, while the G’ peak presents only a negligible upshift of 1 cm-1. This is a crucial result in the 
case of graphene transferred by using a supporting layer, since generally some residues of the material are left after the 
process so altering the graphene’s properties. This usually happens in the case of PMMA-transferred films, which were 
observed to undergo doping and hence always require a post-processing treatment to recover the pristine condition of 
the film 
3
. In our case instead, the cyclododecane is observed to completely disappear upon sublimation, leaving the 
film intact and with its pristine features. This is also confirmed by the stability of the film after a mild annealing at 
150°C in air, whose Raman spectrum (Fig. 2a) is unchanged in respect to the other two. Further investigation on the 
thermal stability of the films transferred with cyclododecane was performed by annealing in high vacuum, as reported 
in Fig. 2b. After annealing at 300°C (600°C), the G and G’ band shift by 2.5 (4.9) and 1.4 (4.6) cm-1, respectively. 
These shifts are compatible with a slight p-doping of the graphene films induced by the adsorption of O2 and H2O 
molecules from ambient air, which adsorb on the defect sites unsaturated by the heating process 
16
. The amount of G 
and G’ band blue shift correctly scales with the heating temperature and is consistent with a graphene thickness of 2 to 4 
layers 
17
. In any case, no additional peaks appear upon heating cyclododecane-transferred graphene, as occurs instead 
when using PMMA, even after recovery annealing processes 
3
. This confirms that cyclododecane provides a clean 
means of transferring atomic-thick films, without introducing unwanted contaminants and thus not requiring any further 
restoring process. 
Consistent and reproducible sheet resistance values were obtained all across the sample surface when using 
cyclododecane. The samples proved to be homogenous and intact, and so it is safe to assume the value can be referred 
to “large area” – such as the whole surface of the sample, about 15x15 mm. In Figure 3a, the sheet resistance of heat-
treated samples is reported (the values are averaged over at least six measures). The film heated under vacuum at 600°C 
exhibits the lowest sheet resistance. We performed the XPS analysis of the C1s line of the sample in order to determine 
whether the use of cyclododecane had introduced any unwanted contaminants or functional groups altering the carbon 
surface, as often observed for PMMA transferred graphene 
5,18
.  Figure 3b clearly shows that the carbon peak remained 
unaltered in respect to the free-floating sample. No further peaks appear in the spectrum when using cyclododecane, 
confirming the cleanness of the transfer. After annealing at 600°C in HV, the  XPS C1s peak of the film shows a small 
increment of the C-O component at 286.4 eV, in line with the Raman measurements. Upon exposure to the air after the 
heating process at high temperature, the enhanced absorption of O2 and H2O molecules makes the film slightly p-doped, 






FIG. 3. (a) Average sheet resistance values of FLG transferred on SiO2. The cyclododecane-transfer guarantees lower resistance 
values than the free-floating method on the account of a better preserved film morphology. The cyclododecane-transferred films 
(“Cyc-transfer”) have stable sheet resistance values up to 300°C, while a 600°C anneal further lowers the resistance. (b) C1s XPS 
analysis for FLG transferred on SiO2 by the two methods. The spectrum of cyclododecane-transferred films is presented also after the 
600°C HV anneal: A mild doping is induced by the adsorption of oxygen-containing molecules as evidenced by the spectral features 
at around 286.4 eV.  
 
To gauge the potential of our transfer method in a real device, we fabricated Schottky-barrier solar cells on 
silicon. A Si/SiO2 (250 nm thick) wafer (n-type, 1 Ω∙cm) was patterned and etched to prepare a square window of bare 
Si serving as top active area of the cell. Around the window, a square top contact of Cr-Au was evaporated on the SiO2. 
FLG films were deposited on the top window/contact area to serve as transparent conductive layer (i.e., the metallic side 
of the metal-semiconductor junction) 
19
. Finally, a tri-layer of Ti/Pd/Ag serving as ohmic contact was deposited on the 
back of the Si wafer by e-beam evaporation. The inset in Fig. 4a shows the photograph of a typical cell. Two groups of 
five cells were each made using FLG films transferred by free-floating (group A) and cyclododecane (group B), 
respectively. The solar cells are characterized by measuring the current density–voltage (J-V) characteristics under a 




). The J-V 
characteristics under illumination of the two groups of cells are reported in Fig. 4 (the corresponding photovoltaic 
parameters are listed in the table inside the figure). Cells in group A attained an average power conversion efficiency 
(PCE) of 3.6%, while cells in group B reached a PCE of 5.5%: The PCE of the Schottky cells increased by 53% when 
the graphene transfer was assisted by a cyclododecane layer. The PCE increase was mainly due to a significant 
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improvement of the fill factor of the cells (+51%), which grew from 31% (group A) to 47% (group B). These 
performance improvements for cells made with cyclododecane-transfer can be attributed to the lower sheet resistance of 
the FLG films 
20
 and to the formation of a more regular interface with the Si wafer, which in turn creates a constant and 





FIG. 4. J-V characteristics under illumination of the Si-FLG Schottky solar cells: group A were made by free-floating, group B by 
cyclododecane transfer. Photograph of a typical device is shown in the inset. 
 
In conclusion, cyclododecane was used as an effective and clean support material during the processing of 
CVD few-layer graphene. A thin layer of cyclododecane can be spin coated on the graphene/Cu substrate to protect the 
graphene film and assist all the necessary steps towards device fabrication. As-transferred few-layer graphene films are 
flawless and retain their original conductivity. After the manufacturing is complete, cyclododecane naturally 
sublimates, leaving no residues of contamination traces. The properties of the graphene films are not altered by 
cyclododecane, nor are additional defects introduced. No further cleaning procedures are therefore required to recover 
graphene’s pristine features. This clean transfer method can be particularly suited to apply graphene onto substrates 
sensitive to heat and/or solvents, and it could also be used to transfer other two-dimensional, layered materials, less inert 
than graphene. Other compounds similar to cyclododecane, such as camphor or menthol, might also be tested and used 
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